ABSTRACT: The Young's modulus of graphene is estimated by measuring the strain applied by a pressure difference across graphene membranes using Raman spectroscopy. The strain induced on pressurized graphene balloons can be estimated directly from the peak shift of the Raman G band. By comparing the measured strain with numerical simulation, we obtained the Young's modulus of graphene. The estimated Young's modulus values of single-and bi-layer graphene are 2.4±0.4 TPa and 2.0±0.5 TPa, respectively.
But in the suspended region, some asymmetry of the 2D band is observed. It is consistent with the previously reported data for the suspended single layer graphene sample. 24 At atmospheric pressure, the G peak position in the supported region outside the hole is substantially blue-shifted with respect to the suspended region (Fig. S1 ), and the integrated intensity ratio of the Raman 2D to G band is about 4. These and the narrow linewidth of the G peak indicate that the supported graphene is highly doped. 10, 11 It is well known that graphene on SiO 2 /Si substrates can be strongly doped. 12 At the center of the hole, the peak position of the G band is about 1581 cm -1 and the intensity of Raman G band is very small relative to that of the 2D band, with the intensity ratio of Raman 2D to G band ~11, which indicates that the suspended part of the graphene sample is minimally doped. 24, 25 Furthermore, the peak position indicates that the initial residual tension induced by Van der Waals force between graphene and edges of the hole is very small. 6 This implies that our sample is suitable for investigating the intrinsic properties of undoped graphene.
When the chamber is evacuated, there are no distinctive changes in the supported region. On the other hand, the Raman spectrum from the center of the suspended graphene is red-shifted in vacuum
[ Fig. 2(c) ]. The G peak position at the center of the hole is shifted to ~1568 cm -1 . Figure 2 (b) is an image of the G peak position of the graphene sample over a 6.4-μm hole in vacuum. In the supported region the frequency of the G peak is near 1591 cm -1
. The G peak position gradually red-shifts as the probing position moves to the center of the hole with the minimum value of ~1568 cm -1 . This red-shift is caused by the tension due to bulging of the graphene membrane. Once the evacuation is complete, the Raman spectrum did not change after more than 2 hours in vacuum, and when the pressure is returned to 1 bar by letting air into the vacuum chamber, the G peak position at the center went back to 1581 cm -1 (Fig. S2 ). The G peak position was reproducible after many cycles of evacuation and vacuum release. This is evidence that there is no appreciable leakage of the gas confined in the hole. This result is consistent with previous reports. 5, 6 By measuring the shifts of the Raman G and 2D bands, we can estimate the magnitude of the strain on a graphene membrane. [18] [19] [20] [21] To estimate the strain from the Raman spectrum, we use the reported value of the Grüneisen parameter ( ) and the shear deformation potential (  per biaxial strain of 1%. 16 The G peak shift of ~13 cm -1 for the 6.4-μm hole corresponds to a biaxial strain of ~0.19% at the center of the graphene membrane. We measured the changes of the Raman spectrum at the center of the hole with various diameters. Figure 3 shows that both the Raman G and 2D bands are red-shifted and the shifts are dependent on the diameter of the hole. as a function of the size of the hole. Some asymmetry is observed in the line shape of the G band from the smallest 3.1-μm hole. Since the laser spot size, ~1 μm, is a significant fraction of the total hole size, the strain variation within the laser spot is large relative to the maximum strain at the center. This strain variation causes asymmetric line shapes for smaller holes, which contributes to larger error bars.
We compared the obtained strain values with a numerical simulation based on the finite element method. The graphene membrane was modeled by a clamped circular membrane with a linear elasticity.
It is well known that graphene has a non-linear elasticity [26] [27] [28] with a form of
, where E is the Young's modulus, D the third-order elastic modulus,  the stress, and  the uniaxial strain. respectively, and the maximum strain applied in our experiments was ~0.2%, the first term is much larger than the second term, and so the elastic behavior of graphene may be assumed to be linear in our experimental conditions. The confined air inside the hole under the graphene membrane is initially at atmospheric pressure. When the vacuum chamber is evacuated to a pressure below 10 -5 torr, the graphene membrane bulges upward and as a result, the volume of the confined gas increases. Because of this effect the pressure difference across the membrane drops slightly. If one uses the deflection of ~200 nm estimated from the SEM image [ Fig   1(b) ], the pressure difference is ~0.96 atm. This value was used as the initial estimate of the pressure difference in the iterative procedure to find the Young's modulus. With the iterative fitting procedure, the deflection converges to ~160 nm and the pressure difference to 0.97 atm. We assumed that the Poisson's ratio of graphene is the same as that of graphite, 0.16.
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For the thickness of the graphene membrane, we used the interlayer spacing of graphite, 0.335 nm, 30 and ignored the small thickness change by the deflection.
Numerical simulations were performed using a commercial finite element program, ABAQUS. The diameter of the circular membrane is taken to be the same as the diameter of the hole. A uniform pressure was applied perpendicular to the membrane. As a boundary condition, the edges of the membrane were clamped to the circular edge of the hole. This is reasonable since Koenig et al. recently reported that the graphene membranes firmly adhere to the substrate up to a pressure difference of >2.5
MPa (25 atm). 5 If we use the previously reported Young's modulus value 4, 5 of 1 TPa in our simulation, the deflection is ~220 nm and the strain at the center of the circular membrane is ~ 0.32% for the 6. corresponding to a uniaxial strain of 0.01% at 1 μm from the center, which is much smaller than the width of the G peak. At the position of 2 μm away from the center, a small relative shift of the G peak for the two polarizations is observed. The uniaxial component of the strain at this position is 0.05% from our simulation. This would give a G peak splitting of 1.0 cm -1 , which is consistent with what is seen in Fig. 5(b) . At 3 μm away from the center, the laser spot (~1 μm) covers both the suspended and the supported regions, resulting in larger linewidths and asymmetric line shapes.
We also performed the same experiment on a bilayer graphene sample. The bilayer graphene sample fully covered a 7.3-μm diameter hole. When the vacuum chamber is evacuated, the G peak position is shifted from 1581 cm -1 to 1570 cm -1 , which corresponds to a biaxial strain of 0.14% (Fig. 6 ). Since the Grüneisen parameter is closely related to elastic properties, a correlation between the Grüneisen parameter and the Young's modulus is expected.
Our estimations for the Young's modulus are significantly larger than the reported values in the literature, ~1 TPa. atm) with a linear model to obtain the Young's modulus for 1-5 layer graphene. In both cases, if graphene has a significant softening at higher strain ranges, the estimated Young's modulus could be smaller than the value estimated in the small strain range. In our work, the maximum strain was only 0.19%, at least an order of magnitude smaller than the maximum strain in previous work. The behavior at even lower strain was inspected by repeating the measurements as a function of the pressure in the vacuum chamber between 0 and 1 atm. (See Figures S4 and S5 in Supporting Information.) Although accurate quantitative analysis is not possible due to the large uncertainty caused by small Raman peak shifts, the estimated Young's modulus value is consistently larger than the previous reports.
In conclusion, we found that the Young's modulus values of single-and bi-layer graphene are before the vacuum chamber is evacuated (Before), right after the chamber is evacuated (Vacuum), after the sample was held in vacuum for 2 hours (Vacuum 2h), and after the chamber pressure was raised to atmospheric pressure (After). This illustrates that the pressure difference is maintained for at least 2 hours in vacuum, and there is minimal escape of the gas from the graphene balloon during the cycle. 
